The high potential for adaptation and rapid evolution that derives from the quasispecies dynamics of RNA virus populations (30, 40) can be reflected in the alteration of cell tropism, host range, and virulence (8, 9, 30, 43, 51) . Mutant viruses with a modified host range can contribute to the emergence of new animal and human diseases (62) . On the other hand, adaptation to a new host has been exploited since the beginning of vaccinology to derive attenuated strains with decreased pathogenicity for the original, natural host (18) .
Foot-and-mouth disease virus (FMDV) belongs to the Picornaviridae family and is the etiological agent of the most important animal disease affecting domestic cloven-hoofed animals and a large variety of wild artiodactyls (for reviews, see references 2, 6, 21, 63, 68, and 74) . The virus consists of a nonenveloped particle of icosahedral symmetry containing a positive-sense single-stranded RNA genome of about 8.5 kb. A single open reading frame encodes all of the capsid, as well as a total of nine additional mature, nonstructural (NS) proteins, including two proteases (L and 3C) and an RNA-dependent RNA polymerase (3D) (14, 69, 73) . As shown for a number of different picornaviruses, the mature NS proteins, as well as some of their protein precursors, are involved in multiple functions needed for virus multiplication and the host cell membrane rearrangements associated with viral RNA replication (3, 25, 35, 46, 55, 60, 65, 82) .
FMDV can initiate the infection of cultured cells via different ␣v integrins (␣v␤1,␣v␤3, ␣v␤6, and ␣v␤8) (15, 31, 41, 44, 45) , and viruses that are infectious in vivo have been reported to use integrins ␣v␤3 and ␣v␤6 as receptors (45, 58) . This latter integrin is expressed constitutively on the epithelial cells targeted by FMDV in cattle and is most likely the major in vivo receptor for this virus (56) . Interaction of FMDV with integrins requires an Arg-Gly-Asp (RGD) triplet located at the GH loop of capsid protein VP1 (1) . The RGD is also part of a main antigenic site involved in the interaction with neutralizing antibodies (39, 52, 78) . The RGD is highly conserved among field FMDV isolates (23) , probably reflecting its requirement for the in vivo interaction with integrin receptors (31, 58, 66) . However, upon multiple passages in cell culture, FMDV can acquire the capacity to bind heparan sulfate (HS) (42) , as a result of a small number of amino acid substitutions that increase the positive charges at the capsid surface (11, 34, 70) . Such viruses can use HS as alternative receptors for cell entry and thus can dispense with their RGD motif and remain infectious for cultured cells (70) . Alternative nonintegrin, non-HS cell-binding sites in pigs have also been reported for engineered viruses harboring KGE instead of RGD (83) , as well as for viruses highly passaged in cell culture that lack the RGD (8, 10) .
In addition to the RGD, other residues of the VP1 GH loop are conserved across the FMDV serotypes. Leu (rarely Ile) is conserved as the amino acid located four residues downstream of the RGD (RGDϩ4), and Leu is most commonly found at the RGDϩ1 position; however, Arg or Met can occupy this location in some serotypes. Studies using FMDV-derived peptides as competitors of integrin-mediated virus binding and infection have identified the conserved Leu residues at the RGDϩ1 and RGDϩ4 sites as key for high-affinity binding to integrins ␣v␤6 and ␣v␤8 but not for ␣v␤3 (20, 54) . Crystallographic analysis of chemically reduced virus (50, 67) and of a FMDV peptide in complex with the Fab fragment of two different neutralizing antibodies (39, 78, 79) showed that the VP1 GH loop adopts predominantly one conformation consisting of a short region of ␤-strand followed by the RGD tripeptide in an open conformation, prior to a 3 10 -helix. In the helix, which differs in hydrogen bonding from an ␣ helix, the RGDϩ1 and RGDϩ4 leucines are spatially adjacent on the outer face and favorably positioned for integrin binding (20, 28) .
Recent results have suggested that modifications in receptor specificity may occur during FMDV replication in the bovine host. Viruses with SGD instead of RGD were recovered upon propagation of the A24 reference strain in cattle (66) . Likewise, amino acid replacements affecting either the RGD motif (R 141 3G) or adjacent positions (L 144 3P and L 147 3P), reported to be important for FMDV binding to some RGDdependent integrins (20, 54, 64) , were present in FMDV type C mutants selected in cattle immunized with VP1 GH loopcontaining synthetic peptides (75) . These mutants rapidly reverted to a parental RGD context when grown in cultured cells, and this reversion was delayed by the addition of sera from immunized cattle, suggesting a co-evolution of antigenicity and receptor usage in partially protected cattle (76) .
Limited information is available on other determinants of FMDV host range and virulence in vivo, but some evidence points to 3A and 3AB as relevant for virus-host interactions (12, 51) . In FMDV these NS proteins are unique among picornaviruses since 3A extends its carboxy terminus by at least 60 amino acid residues and three nonidentical copies of 3B are expressed. Each of these copies can be uridylylated in vitro by 3D polymerase (57), the initial, essential step for replication of picornavirus RNA (3, 33) . Deletions in 3A have been associated with attenuation in cattle (37) and with the high virulence for swine of a type O FMDV isolated in Taiwan (13) . Furthermore, deletions of redundant copies of 3B lead to a decrease in replication efficiency in cell culture (32) and to attenuation in pigs (61) .
Natural FMDV isolates can be experimentally adapted to the guinea pig by serial injection in the footpad (4, 17, 24, 47) . We previously characterized amino acid substitutions I 248 3T in 2C, and Q 44 3R in 3A, which became rapidly imposed during adaptation of a swine type C FMDV (C-S8c1) to the guinea pig. Replacement Q 44 3R in 3A, either alone or in combination with I 248 3T in 2C, was sufficient to confer FMDV with the ability to produce lesions in the guinea pig (59) . Later in the adaptation process, an additional mutation, L 147 3P, was selected in the GH loop of capsid protein VP1.
A critical issue, relevant to viral disease emergence and reemergence, is whether adaptation to an unnatural host may entail loss of virulence for the original natural host, an event typical of the process involved in the preparation of classical attenuated vaccines. We show here that adaptation to a new host did not modify the capacity of FMDV to cause an acute and transmissible disease in the pig and to kill suckling mice, a standard animal model used to determine FMDV virulence. The three adaptive mutations I 248 3T in 2C, Q 44 3R in 3A, and L 147 3P in VP1, selected in the guinea pig, were maintained after virus multiplication in swine and mice. However, replacement L 147 3P in VP1 abolished growth of the virus in established cell lines and modified its antigenicity. In contrast, FMDV with L 147 3P infected primary cultures of bovine thyroid cells, and this infection was inhibited by antibodies to ␣v␤6, suggesting that this integrin could serve as a receptor for these mutants in the three animal hosts tested. The dominance of a new amino acid replacement T 248 3N in 2C (which was already present in a low proportion in the virus adapted to the guinea pig) upon replication of the guinea pig-adapted virus in pigs, illustrates how the appearance of minority variant viruses in an unnatural host can result in the dominance of these viruses on reinfection of the original host species.
MATERIALS AND METHODS
Viruses. The type C FMDV C-S8c1 is a biological clone derived from a pig field isolate (C-S8) by two passages in BHK-21 cells, a plaque purification and the amplification of the recovered virus to about 10 9 PFU (72). The origin, and the consensus amino acid sequence at the residues relevant for this study, of the virus populations isolated during adaptation of C-S8c1 virus to guinea pig, of the recombinant FMDV VpC-2C/3A (59), and of viruses recovered upon growth of the guinea pig-adapted virus V2.10b in primary bovine thyroid (pBTY) cells are summarized in Table 1 .
Animals and inoculations. Male guinea pigs (Dunky Hartley), weighing 250 to 350 g, were inoculated by intradermal injection in the metatarsal pad of the left hind foot with 100 l of a viral suspension (V2.10b) that was obtained after low-speed centrifugation from about 100 l of vesicular fluid and tissue homogenized in 400 l of phosphate-buffered saline (59) . Animals were euthanized at day 4 postinfection, and vesicular fluid and epithelia around the vesicles were collected, homogenized, and used for further inoculations. Groups of about 7-day-old Swiss mice were inoculated intraperitoneally with 100 l of virus V2.10b. Dead animals were scored up to 9 days after inoculation, and survivors were euthanized. Control animals were mock inoculated with phosphate-buffered saline, following the same procedure. Domestic pigs (Large White x Landrace), 3 months of age, weighing 30 to 40 kg and free of antibodies to FMDV were intradermally inoculated with a guinea pig-adapted FMDV (ϳ10 4 mouse 50% lethal dose [LD 50 ]) in the heel bulbs of the right forefoot (22) . After inoculation, rectal temperatures and clinical signs were monitored daily for 10 days. Animals were treated according to the recommendations of EU directive 86/609 regarding the protection of animals used for experimental and/or scientific purposes.
Cell lines, infectivity assays, and virus titration. To detect infectious FMDV from animal lesions, the following established cell lines were used: BHK-21 from hamsters; IBRS-2 and MVPK from pigs; LK from sheep; and colon epithelial cells (CCL-242), fetal fibroblasts (CRL-1405), and lung fibroblasts (CCL-158) from guinea pigs. Cells were grown using the culture media indicated by the American Type Culture Collection. Primary bovine thyroid (pBTY) cells were cultivated as described previously (20) . Detection of infectivity was considered negative when no signs of cytopathic effect and no PFU were detected after three successive blind passages, using frozen-thawed cell monolayers as inocula. Mockinfected cells were maintained in parallel to control for possible viral contamination. In no case were any signs of viral contamination observed. Plaque assays and virus titration in suckling mice were performed as described previously (7, 29) .
Receptor studies. Competition studies were carried out by using an enzymelinked immunospot (ELISPOT) assay as described previously (16) . Briefly, triplicate cell monolayers in a 96-well plate were treated with either Dulbecco modified Eagle medium, monoclonal antibodies (MAbs), or peptides at room temperature for 0.5 h prior to the addition of virus (multiplicity of infection of Յ1 PFU/cell) for a further 1 h at 37°C. At this time point the cells were washed to remove the virus inocula and competing reagents, and infection continued for 4 h. The cells were then fixed with paraformaldehyde, permeabilized with 0.1% Triton, and incubated with MAb 2C2 (which recognizes the FMDV 3A protein) for 1 h at room temperature, followed by the addition of a biotinylated, goat anti-mouse immunoglobulin G secondary antibody (Southern Biotechnologies) and streptavidin-conjugated alkaline phosphatase (Caltag Laboratories) for 1 h each at room temperature. The alkaline phosphatase substrate (Bio-Rad) was added according to the manufacturer's instructions for 10 min. The cells were then washed with distilled water and allowed to air dry. The infected cells were colored dark-blue and counted by using an ELISPOT Plate reader (Zeiss). Nonspecific labeling was determined by performing the assay on uninfected cells. In experiments with MAbs as competitors, the competing antibody could not be detected by the secondary antibody, i.e., cells were incubated with the competing antibody alone, and the assay was developed as described above.
Extraction and amplification of viral RNA and nucleotide sequencing. Total RNA from homogenates of vesicular lesions was extracted by using guanidine thiocyanate (26) . Briefly, viral RNA directly extracted from lesions was copied into cDNA and PCR amplified into 11 fragments spanning the whole FMDV genome, as described previously (59) . PCR-amplified DNAs were purified by using the Wizard PCR Preps DNA purification system (Promega), and their consensus nucleotide sequences were determined either in an automated sequencer (ABI 373) or manually by using the fmol sequencing kit (Promega). The primers used for nucleotide sequencing have been previously described (11, 77) . All genomic regions were sequenced at least twice using primers of opposite polarity (11, 77) . Genomic positions are numbered from the 5Ј-end terminal residue, as reported earlier (77) . Viral RNA was prepared from cells infected with V2.10b.BTYa and V2.10b.BTYb by using an RNeasy minikit (QIAGEN) and used as a template for an reverse transcription-PCR (RT-PCR) using the One-Step RT-PCR kit (QIAGEN) and the primers C-RGD-for (nt3515-5Ј-AT CCCACTGCCTACCACAAG-3Ј) and C-RGD-rev (nt3765-5Ј-TTGGCTGAAT CGGAAGAATC-3Ј).
Peptides and antibodies. The RGD peptide with its sequence-derived form the GH loop of VP1 of type O FMDV (VPNLRGDLQVLAQKVAR) and the substituted versions RGEL (VPNLRGELQVLAQKVAR) and RGDLQVP (V PNLRGDLQVPAQKVAR) were synthesized in the peptide synthesis facility at the Institute for Animal Health, Compton, United Kingdom. The MAbs used in the present study were B3A anti-␤ 3 , LM609 anti-␣v␤3, and 10D5 anti-␣v␤6 (all from Chemicon); 37E1 anti-␣v␤8 (41) and 6.8G6 anti-␣v␤6 (81); and MAb 4C4 to the VP1 GH loop and MAb 6C3 to VP3 (both from C-S8c1) (53) . MAb 2C2 (27) , which recognizes the FMDV 3A protein (19) , was obtained from Emiliana Brocchi (Istituto Zooprofilattico Sperimentale della Lombardia e dell'Emilia Romagna, Brescia, Italy). All of the integrin-specific antibodies used in the present study were shown to be cross-reactive for the appropriate bovine integrin by flow cytometry (data not shown).
Flow cytometry. Integrin expression in primary BTY cells was analyzed by flow cytometry, as previously described (20) .
Western blot assay. FMDV C-S8c1 particles were concentrated by sedimentation through a sucrose cushion, and viral proteins were quantified by densitometry of the Coomassie blue-stained protein bands separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis in the presence of 8 M urea (53) . About 10 pmol (VP1 equivalents) of FMDV C-S8c1 particles or 5 l of vesicle homogenate were resolved by sodium dodecyl sulfate-urea-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane by using the MiniProtean II and Mini-Trans Blot transfer systems (Bio-Rad). Nonspecific binding of protein to the membrane was blocked by treatment with 2% bovine serum albumin before incubation of the blots with specific MAbs. The membranes were washed, exposed to appropriate secondary antibodies conjugated to horseradish peroxidase, and developed by using an ECL Western blotting detection system (Amersham) according to the manufacturer's instructions.
RESULTS

Guinea pig-adapted FMDV can infect and kill suckling mice.
To analyze the infectivity of the guinea pig-adapted viruses for other animal species, viruses V2.10b (harboring substitutions L 147 3P in VP1, I 248 3T in 2C, and Q 44 3R in 3A, selected during adaptation to the guinea pig) or VpC-2C/3A (carrying replacements I 248 3T in 2C and Q 44 3R in 3A) were inoculated in suckling mice. All of the inoculated animals died between days 2 and 7 postinoculation, showing a time course and clinical signs (tremors, ataxia, and paralysis of the hind limbs) similar to those exhibited by mice inoculated with C-S8c1 ( Table 2) . Homogenates from two of the animals that died after inoculation with V2-10b or VpC-2C/3A caused death when inoculated in new suckling mice. The sequence of the FMDV RNA amplified from these dead animals showed that viruses maintained the adaptive mutations corresponding to the V2-10b or VpC-2C/3A. These results indicate that the replacements selected upon adaptation of C-S8c1 to the guinea pig, including L 147 3P in VP1, did not alter the capacity of the virus to cause lethal infection of suckling mice.
Guinea pig-adapted FMDV produces typical clinical signs of disease in pigs and can be transmitted by contact. To assess the infectivity of the guinea pig-adapted viruses in the pig (the natural host from which C-S8c1 was originally isolated [72] ), domestic pigs were inoculated with viruses recovered at a late adaptation passage in guinea pig. To obtain a sufficient amount 
a Consensus sequence at the amino acid residues (indicated in parentheses) of viral proteins involved in adaptation of C-S8c1 to the guinea pig (59; the present study).
b The type C FMDV C-S8 was isolated from an infected pig, and a plaquepurified virus derived from this viral population was amplified to obtain C-S8c1 virus, as detailed in Materials and Methods. The resulting virus was used for guinea pig inoculation and the subsequent serial animal-to-animal inoculations of vesicle homogenates (V.2 viruses).
c Pool of lesions from four guinea pigs. d A minor percentage (ca. 10%) of N was observed in the consensus sequence. e V2.10b was used to inoculate pBTY cells, and the virus recovered was subjected to two rounds of plaque purification on these cells. Viruses from two independent plaques were amplified by an additional passage on pBTY cells and were designated V2.10b.BTYa and V2.10b.BTYb.
f Recombinant VpC-2C/3A was rescued from cells transfected with plasmid pC-2C/3A (59). VOL. 81, 2007 HOST RANGE OF A GUINEA PIG-ADAPTED FMDV 8499
of virus for these experiments, virus V2.10b was amplified by the independent inoculation of two groups of guinea pigs. Epithelia and vesicular fluid from lesions developed by the animals from each of these groups were collected and were termed V2.11a and V2.11b, respectively. The stability of the adaptive replacements in 2C, 3A, and VP1 was confirmed by determining the consensus nucleotide sequences of viruses V2.11a and V2.11b. In a first experiment, two domestic pigs (animals 1 and 2) were inoculated with 100 l of a twofold dilution of viral population V2.11a corresponding to about 10 4 mouse LD 50 . Both animals showed typical clinical signs of disease that included development of vesicles and fever (rectal temperature of Ͼ39°C) from day 3 postinfection (Table 3 and Fig. 1) .
A second experiment was conducted to confirm the results of pig infections and to evaluate the capacity of the guinea pig-adapted virus to be transmitted by contact. To this aim, two pigs (animals 3 and 4) were inoculated with about 10 4 mouse LD 50 of V2.11b. Two additional pigs (animals 5 and 6) were kept in contact with the inoculated animals within the same box. As in the previous experiment, animals 3 and 4 developed classical clinical signs of disease, including vesicles and fever (Table 3 and Fig. 1 ). Contact pigs 5 and 6 developed similar clinical signs that appeared from day 7 postinfection, confirming the capacity of V2.11b to infect pigs and to be transmitted by contact.
Replacement T 248 3N in 2C was selected upon replication of the guinea pig-adapted virus V2.11b in pigs. Nucleotide sequencing of FMDV RNA regions spanning VP1, 2C, and 3A sequences from vesicles developed by animals 1 and 2 confirmed the stability of the three adaptive mutations present in viral population V2.11a (Table 4) . Likewise, all of the sequences from the vesicles of animals inoculated with V.2.11b, including those from contact animals 5 and 6, maintained the adaptive mutations P 147 in VP1 and R 44 in 3A. However, in animals 3, 4, 5, and 6 position 248 of 2C had undergone substitution T 248 3N (Table 4) . A detailed examination of the 2C nucleotide sequence from V.2.11b population revealed that besides a major nucleotide band corresponding to nucleotide C (ACC triplet) at position 5087 (leading to T 248 ), a minor band of ca. 10% that corresponded to nucleotide A leading to N 248 was also observed. This sequence heterogeneity was not found in virus stock V2.11a. Thus, replacement T 248 3N, which was already detectable in the V.2.11b population, became rapidly dominant in the viral populations recovered from infected pigs.
These results suggest that replacement T 248 3 N confers a selective advantage for the multiplication and spread of the virus in the pig. No additional nucleotide substitutions were V2.11a
a Lesions used for viral RNA sequencing are designated by the animal number and lesion location, indicated as follows: LH, left hind foot; RH, right hind foot; LF, left forefoot; RF, right forefoot; S, snout. Two independent lesions developed in the snout by animal 4 were included in this analysis.
b The amino acids found at positions 147 of VP1, 248 of 2C, and 44 of 3A are indicated.
c The complete genomic RNA sequence of the viral population present in this lesion was determined as described in Materials and Methods.
found in the complete genomic RNA sequence determined from a vesicle developed by contact animal 6 (Table 4) .
Guinea pig-adapted viruses harboring replacement L 147 3P in VP1 do not infect several established cell lines. Viruses adapted to the guinea pig fail to produce a cytopathic effect in a number of established cell lines, including BHK-21 and IBRS-2 cells that are usually used for FMDV amplification (59) . Here, we have extended this analysis to include additional FMDV-susceptible cell lines, such as MVPK cells, LK cells, and three guinea pig-derived cell lines. No viral amplification and/or cytopathic effect was observed in any of the seven cell lines tested upon infection with the guinea pig-derived viruses V2.7b and V2.10b, which harbored the three mutations selected during the adaptation process, including substitution L 147 3P in VP1. In contrast, the cell lines studied were productively infected with C-S8c1, as well as with the guinea pigadapted virus V2.3, recovered in an early adaptation passage, which included mutations I 248 3T in 2C and Q 44 3R in 3A but not L1473P in VP1 (Table 5 ). The amplification and sequencing of the corresponding RNA regions from the supernatant of cells infected with virus V2.3 confirmed the maintenance of the adaptive mutations in 2C and 3A.
Likewise, attempts to recover infectious virus from vesicles developed by pigs inoculated with V2.11a and V2.11b resulted in the selection of direct revertants to L 147 in VP1 (Table 6 ). These results suggest that the replacement L 147 3P in VP1 impairs viral recognition of the integrins functionally expressed in the established cell lines analyzed and pose the interesting question of which receptors are being used to initiate infection in the animal hosts.
Viruses harboring replacement L 147 3P in VP1 can infect primary cultured cells by utilizing integrin ␣v␤6. In contrast to established cell lines, primary BTY cells were found to be permissive to guinea pig-derived viruses and cytopathic manifestations were observed at about 18 h postinfection. To further characterize guinea pig-derived FMDV interaction with pBTY cells, two independent virus stocks were generated from guinea pig lesion (V2.10b) material by plaque purification on pBTY cells (see Materials and Methods). These viruses were amplified by one additional passage through pBTY cells and designated V2.10b.BTYa and V2.10b.BTYb. DNA sequencing of RT-PCR products (prepared from infected cell lysates) established that both viruses retained P 147 at the RGDϩ4 site. The failure of these viruses to infect some established cell lines (see above) was confirmed using IBRS-2 and MDBK cells. The receptor(s) used to initiate infection of pBTY cells by V2.10b.BTYa and V2.10b.BTYb was investigated by using function-blocking anti-integrin MAbs. Primary pBTY cells are routinely used at the FMDV World Reference Laboratory at Pirbright, United Kingdom, for virus isolation including from infected tissues collected from swine. Primary pBTY cells consistently express a high level of ␣v␤6 (20) . The expression of ␣v␤6 on the surfaces of each batch of pBTY cells used in the present study was confirmed by flow cytometry (data not shown) as described previously (20) . For these experiments, FMDV C-S8c1 was used as a positive control since this virus has been shown to use ␣v␤6 as a receptor (45) . Primary BTY cells were treated with blocking MAbs to ␣v␤3, ␣v␤6, ␣v␤8, or the ␤3 subunit prior to and during the incubation with viruses (C-S8c1, V2.10b.BTYa, or V2.10b.BTYb). Infection was quantified by using an ELISPOT assay (Fig. 2) , which allows the number of infected cells to be counted (see Materials and Methods and reference 16). Consistent with ␣v␤6 being the major RGD-binding integrin expressed on pBTY cells, infection by C-S8c1 was inhibited by the ␣v␤6 MAbs (10D5 and 6.8G6) but not by MAbs to ␣v␤8, ␣v␤3, or the ␤ 3 subunit (Fig.  2) . Similarly, infection by the V2.10b.BTYa and V2.10b.BTYb viruses was inhibited by anti-␣v␤6 MAbs but not by MAbs to the other integrins (Fig. 2) . Although these studies showed that these viruses use ␣v␤6 as a receptor, the inhibitory effect of the anti-␣v␤6 MAbs appeared to be greater for the V2.10b.BTYa and V2.10b.BTYb viruses than for C-S8c1 (Fig. 2) . This observation prompted further experiments to determine the amount of the anti-␣v␤6 MAbs required to block infection by C-S8c1 and V2.10b.BTYb. We found that for C-S8c1, ϳ80% 
The FMDVs shown were used for cell inoculation. The adaptive replacements in V2.3, V2.7b, and V2.10b are indicated. ϩ, Cytopathology observed 24 and 48 h postinfection; Ϫ, no cytopathology observed after three successive blind passages (see Materials and Methods for details). ND, not done.
b In three independent experiments, the presence of the adaptive mutations harbored by the infective viruses was confirmed by direct viral RNA sequencing from culture medium.
c A cytopathic effect was observed in one of three inoculations of this cell line. In this case, RNA sequencing from culture medium revealed selection of a direct revertant in position 147 of VP1(P3L). 
a Lesions whose material was used for viral RNA sequencing are indicated by the animal number and lesion location, as in Table 3 .
b The results correspond to three independent inoculations of cell monolayers with 100 l of a 1:4 dilution of lesion homogenate. *, A cytopathic effect was observed only in one of the three inoculations. Sequencing analysis showed the presence of a direct reversion (P 147 3L) in the virus recovered. The "ϩ" and "Ϫ" refer to the extent of cytopathology, as described in Table 5. inhibition was achieved using MAbs 10D5 and 6.8G6 at 10 g/ml, whereas for V2.10b.BTYb Ͼ90% inhibition was achieved at an antibody concentration of only Յ0.3 g/ml (Fig. 3) .
The results presented above suggest that the V2.10b.BTYb virus uses ␣v␤6 as a receptor but appears to do so less efficiently than C-S8c1. To confirm these observations, we also determined the ability of an FMDV-derived RGD-containing peptide to inhibit infection by V2.10b.BTYb and C-S8c1 (Fig.  4) . This peptide has been shown to block FMDV binding to RGD-binding integrins (20) . Significantly, less peptide was needed to inhibit infection by V2.10b.BTYb (50% inhibitory concentration of ϳ12.5 nM) compared to C-S8c1 (50% inhibitory concentration of ϳ150 nM). The RGE version of this peptide (at 400 nM) did not inhibit infection by either virus (data not shown). Similarly, a version of the FMDV peptide with a Leu-to-Pro substitution at the RGDϩ4 site was a poor inhibitor of infection by either virus (Fig. 4) . Taken together, these studies show that the V2.10b.BTYb virus containing a Pro at the RGDϩ4 site is able to use ␣v␤6 as a receptor for infection but appears to use this integrin less efficiently than C-S8c1, which has a Leu at this site.
Replacement L 147 3P modifies VP1 antigenicity. Previous evidence indicated that replacement L 147 3P drastically affected the recognition of the antigenic site A in VP1 by MAb and swine polyclonal antibodies (54, 64, 80) . To test the antigenicity of guinea pig-adapted viruses, a Western blot of the total protein present in the lesion homogenate V2.7b, carrying replacement L 147 3P in VP1, was immunodetected using MAbs specific for FMDV isolate C-S8c1. As shown in Fig. 5 , VP1 from C-S8c1, but not from V2.7b, was detected by MAb 4C4, which recognizes an important neutralizing antigenic site at the GH loop of this protein (52) , whereas MAb 6C3 recognized the VP3 from both viruses. Thus, mutation L 147 3P in VP1 affects both the recognition of integrin receptors and the antigenic properties of the virus.
DISCUSSION
We have shown here that after a total of 11 passages of adaptation of the clonal population FMDV C-S8c1 in the guinea pig, the virus maintained its original capacity to cause vesicular disease in swine and to be transmitted from swine to swine, i.e., it was not attenuated for the original host species.
None of the three amino acid replacements selected during the adaptation to the guinea pig significantly modified the capacity of the virus to produce clinical signs and disease in pigs and death in suckling mice. Replacement in Q 44 3R in 3A is the only single mutation selected during adaptation that conferred on the virus the capacity to produce vesicular lesions in guinea pigs (59) . This mutation, which has also been reported for guinea pig-adapted FMDVs of other serotypes (23) , was maintained upon infection of suckling mice and after infection and contact transmission in pigs, suggesting that it does not confer an important selective disadvantage in this natural porcine host. This substitution occurs in a residue close to the 3A hydrophobic domain, and replacements in the analogous region of poliovirus and rhinovirus have also been found to affect cell culture tropism (38, 49) , suggesting that changes in this region in picornaviruses may affect replication and/or relevant interactions with host factors. However, the functional implications of replacement Q 44 3R in 3A remain to be understood. Replacement I 248 3T in 2C was the first mutation detected during adaptation, although this single mutation does not result in viruses that produce vesicles in the guinea pig (59) . Interestingly (and strengthening the notion of a contribution of residue 248 in 2C to the adaptation of the virus to different hosts), the dynamics of mutant selection continued upon replication of the guinea pig-adapted virus in swine by the imposition of a new replacement, T 248 3N, which was already detectable in a low proportion in V2.11b. Although the initial replacement selected early in the adaptation process, I 248 3T, was caused by nucleotide transition U3C, replacement T 248 3N requires a C3A transversion (ACC to AAC), and the direct substitution I 248 3N requires a U3A transversion (AUC to AAC). In a sampling of multiple sequences of FMDV C-S8c1 passaged in cell culture, transversion C3A was far more frequent than U3A (71) . Therefore, N 248 may be more favorable than T 248 for FMDV C-S8c1 replication both in the guinea pig and pig, but its dominance was delayed by the requirement of two mutational steps due to an unfavorable mutation type. Obviously, other effects on mutational bias could operate in vivo.
Replacement L 147 3P in capsid protein VP1 was selected later in the adaptation. This replacement impaired recovery of the virus in different cultured cells (59) , suggesting an alteration in the recognition of the integrin receptors utilized by the mutants carrying this substitution. Our results confirm that this mutation abolished the capacity of the virus to infect several established cell lines, despite resulting in viruses fully infectious in pig and suckling mice. The RGD-binding integrins expressed by IBRS-2 cells have been determined (20) , and competition studies with function-blocking anti-integrin antibodies have identified ␣v␤8 as the major receptor for FMDV on these cells (20) . The failure of the guinea pig-adapted vi- ruses to infect IBRS-2 cells suggests that the Pro substitution at the RGDϩ4 site is unfavorable for virus binding to ␣v␤8 and that this integrin is unlikely to be used by the guinea pigadapted virus for infection in the animal (guinea pig, suckling mice, or porcine) host. Interestingly, viruses harboring L 147 3P replacement productively grew in primary cultures of BTY cells. Peptide and antibody competition studies suggest that these viruses use ␣v␤6 as their receptor on pBTY cells but do so less efficiently than the parental C-S8c1 virus because a lower concentration of peptide/antibody was needed to inhibit infection by the guinea pig-adapted viruses. This conclusion is consistent with previous studies that showed that the RGDϩ4 Leu is important for ligand binding to ␣v␤6 (20, 48, 54) . In the VP1 GH loop, the RGDϩ4 Leu forms part of a hydrophobic face of the 3 10 helix (see Introduction) that is predicted to interact with integrins (20) . In the virus particle, Pro at the RGDϩ4 site could disrupt the helix and thereby reduce the integrin-binding affinity. This explanation most likely accounts for the poor inhibitory effect on infection of the FMDV peptide with Pro at the RGDϩ4 site (see Fig. 4 ). Nevertheless, our results suggest that ␣v␤6 could be the receptor used by the guinea pig-adapted viruses for infection in guinea pigs, swine, and suckling mice.
Thus, adaptation of FMDV C-S8c1 to the guinea pig seems to result from, at least, two selective steps; the first involving selection of mutations in NS proteins 2A and 3C, which could improve the capacity of the virus to replicate and produce lesions, and a second selective step involving a modification to the integrin-binding loop of the virus (the GH loop of VP1). This latter substitution (L 147 3P) resulted in an apparent reduction in the ability of the guinea pig-adapted virus to use bovine ␣v␤6 but did not compromise virus multiplication in pigs and suckling mice. Presently, we cannot be certain which integrins are used for infection in the guinea pig, but it is possible that the Leu-to-Pro substitution favors the recognition of alternative guinea pig integrins and thus a wider spread of the virus in this animal host. However, the high degree of amino acid sequence conservation between mammalian integrin chains would suggest this scenario unlikely. What is clear is that the guinea pig-adapted viruses were unable to use ␣v␤8 or ␣v␤3 to infect IBRS-2 or MDBK cells, respectively.
The outcome of clinical signs in pigs inoculated with C-S8c1 depends on the virus titer used and usually shows animal-toanimal variation (36) . Assuming this, the severity of the infection produced by the guinea pig-adapted viruses was similar to that exhibited by pigs infected with C-S8c1 FMDV. This observation suggests that the guinea pig-adapted viruses maintain the cell tropism and the main pathogenic properties of the parental C-S8c1 virus. These observations, as well as the failure of the guinea pig-adapted viruses to utilize ␣v␤3 and ␣v␤8 as receptors (see above), reinforce the argument for ␣v␤6 as the main in vivo FMDV receptor (20) .
The modification in the integrin usage introduced by replacement L 147 3P in VP1 associates with an antigenic change in the virus, as revealed by the lack of binding to an MAb that recognizes the antigenic site located at the GH loop (Fig. 2) . A similar co-evolution of cell tropism and antigenic properties has also been found for type C3 mutants showing this replacement, which were recovered from cattle immunized with synthetic peptides (76) . Thus, adaptation of FMDV to different hosts may favor viral antigenic changes.
These results document that for a typical cytopathic virus, important evolutionary events that permit changes in host range may render virus infectivity undetectable in a number of cell lines despite the virus remaining infectious for the original animal host. It must be underlined that had the adaptive mutations in the guinea pig been lethal or highly detrimental for replication in swine, we might have observed a typical case of viral attenuation through passage in an alternative host (5) . If that had been the case, the chance occurrence of either multiple reversions or of compensatory mutations would have been the only means of rescuing a virus pathogenic for swine. Thus, the results reported here have direct implications for viral disease emergence in that the chance occurrence of multiple mutations during RNA genome replication, as well as their effect on the fitness on different host species, may determine either a viral emergence or re-emergence or a dead-end infection in a new host.
